Using spectroscopic ellipsometry and transmission measurements, the authors determined the optical constants (absorption coefficient, complex refractive index, and dielectric function) of bulk trigonal NiO from 0.08 to 6.5 eV. By careful discussion of the data, elastic scattering by oxygen bubbles was ruled out and the effects of surface roughness were removed numerically to obtain an accurate dielectric function of NiO. A direct band gap of 0.85 eV was found from transmission and assigned to direct interband transitions from the Ni-O hybrid valence band states to the Ni 4s conduction band at the center of the Brillouin zone. At 4 eV, the authors find the well-known charge transfer gap from the lower to the upper Hubbard band. Several intermediate sharp peaks were also found. The temperature dependence of the NiO charge transfer gap is similar to the E 1 gap of Si between 100 and 700 K. At higher temperatures, heating NiO in vacuum leads to sublimation, which has drastic irreversible consequences for the pseudodielectric function of the sample, including a strong Ni nanoparticle plasmon peak at 2 eV.
I. INTRODUCTION
Optical spectra have provided important experimental clues toward our understanding of the band structure of semiconductors. 1 Since many aspects of semiconductors are now well understood, 2, 3 our interest moves to the properties of complex metal oxides, especially the alignment of itinerant s-and p-electron bands and strongly correlated d-bands. For example, there has been tremendous interest in the band structure and optical constants of NiO recently among theorists. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] On the other hand, experimental optical evidence of NiO is limited mostly to experiments performed several decades ago using transmission, [15] [16] [17] [18] [19] reflection, 16, 17, [19] [20] [21] electroreflectance, 22 and thermoreflectance 21 from the midinfrared to the vacuum-ultraviolet, except for some recent roomtemperature ellipsometry studies. 23 Since theory papers on the band structure of NiO by far outnumber experimental ones, it seems appropriate to perform precision measurements of the optical constants of NiO using spectroscopic ellipsometry over a broad spectral and temperature range. Of particular interest is the magnitude of the band gap: Is it 0.85 or 3.9 eV? Many theoretical studies find that the dispersive 4s bands of Ni cross the more localized (flat) 3d bands, but the difference between the 4s minimum and the 3d energy varies between calculations. 6, 8, 12, 13 In this work, optical measurements support a NiO band gap of 0.85 eV, due to direct interband transitions from the 3d Ni valence band to the 4s Ni conduction band. While this gap has been seen in optical absorption measurements more than 50 years ago, 16 it is often ignored, because it is too weak to be visible in reflectance, 20 inverse photoemission, 24, 25 or x-ray absorption measurements. 26 A much stronger signature in experiments is caused by transitions from the valence band maximum to the unoccupied 3d bands of Ni with an energy of 3.9 eV. This is the charge-transfer gap, often believed to be the fundamental band gap of NiO. 12, 24, 26 
II. SAMPLES AND EXPERIMENTAL DETAILS
Single-and double-side polished NiO substrates with (111) surface orientation, as described elsewhere, 27 were purchased from SurfaceNet GmbH. 28 These crystals were produced by a modified Verneuil method (flame-fused). They are black in appearance and might contain small amounts of excess oxygen, 16 which would lead to microscopic gas bubbles that can scatter the light elastically. For our purposes, it is suitable to assume that the sample is cubic. We ignore the small rhombohedral (trigonal) distortion of the rocksalt crystal lattice, 29 because the resulting birefringence is too small to be measurable with ellipsometry. 30 Spectroscopic ellipsometry 31, 32 and transmission measurements were performed 33 using a modified J.A. Woollam variable-angle-of-incidence VASE TM ellipsometer 34 with a computer-controlled Berek waveplate compensator. For the near-infrared and visible spectral range (0.5-4 eV), we used a tungsten lamp and an infrared quartz optical fiber. For measurements from 0.76 to 6.5 eV, a 75 W Xe lamp and a UVenhanced fiber were employed. Using a UHV cryostat, 35 sample temperatures between 77 and 800 K could be achieved. For all our temperature-dependent results, we report the temperature of a thermocouple located in the nitrogen reservoir, about 5-10 cm above the sample. The temperature of the sample surface, estimated by a sensor mounted on top of similar samples, is often substantially different. For thermocouple readings of 77 and 800 K, the temperature of the NiO sample surface is likely about 90 and 700 K, respectively. Infrared spectroscopic ellipsometry measurements at 300 K from 0.03 to 0.7 eV were carried out at the Center for Integrated Nanotechnologies located at Sandia National Laboratories on a J.A. Woollam FTIR-VASE instrument as described elsewhere. 27 We measured at several incidence angles between 60 and 75 .
III. ROOM-TEMPERATURE RESULTS
Transmission measurements 15 of a double-side polished NiO substrate with d ¼ 0.5 mm thickness were performed at a) Electronic mail: zollner@nmsu.edu room temperature from 0.5 to 2 eV. The transmission T of the sample is about 20% at 0.5 eV (the long wavelength limit of our instrument), decreases with increasing photon energy, and drops to 3 Â 10 À5 (sensitivity limit) at 0.92 eV. The absorption coefficient a can be calculated, taking into account reflection losses and ignoring Rayleigh scattering by gas bubbles, from 15, 36 exp ðÀadÞ ¼ T=½ð1 À RÞ 2 ;
where the reflectance R ¼ [(n À 1)/(n þ 1)] 2 is determined by the refractive index n % 2.3 obtained from spectroscopic ellipsometry (see below). Results for a obtained in this manner are shown in Fig. 1 (᭺) . We find that a increases monotonously from 25 cm À1 at 0.5 eV to 200 cm À1 at 0.92 eV. Such transmission measurements on a bulk substrate can only measure small absorption coefficients below 200 cm À1 . In the midinfrared spectral region from 0.08 to 0.7 eV, we measured a using ellipsometry on a single-side polished NiO substrate. (The lattice absorption below 0.08 eV is discussed elsewhere.
27
) For our instrument and our NiO sample, the accuracy of the ellipsometric angle D is about 61 , which places the sensitivity limit of a at 200 cm
À1
. Smaller values of a are not measurable. The data were fitted with a sum of three Lorentzians to take into account single and twophonon absorption. 27 The results of this fit are shown by the solid line in Fig. 1 . A direct inversion of the ellipsometric angles to determine a yields similar results. Our point here is that a is small (below 200 cm
) between the region of lattice absorption (below 0.12 eV) and the onset of electronic absorption, a typical characteristic of an insulator.
Finally, we acquired the ellipsometric angles w and D of a single-side polished NiO substrate between 0.5 and 6.5 eV using the variable angle spectroscopic ellipsometer. These results are shown (represented by a pseudodielectric function 32 hi) by the dotted lines in Fig. 2 .
To obtain the dielectric function versus photon energy, certain assumptions about surface layers have to be made.
For an oxide like NiO, we do not expect surface oxidation to be an issue, but we expect organic contaminants (and water) and roughness to be present at the surface. Since both have a similar effect and cannot usually be distinguished in ellipsometric measurements, we ignore adsorbed surface layers and only consider surface roughness.
Since we know from our transmission measurements, that a is small at 0. 8 Once we have determined the thickness of our surface roughness layer, the bulk dielectric function of NiO can be determined 31, 32 (see Fig. 3 ). We show not only the most likely shape of by the solid line (assuming 25 Å roughness layer thickness), but also the range of potential errors (by dotted lines calculated with 20 and 30 Å roughness layer thickness). We also show the corresponding absorption coefficient a calculated from in Fig. 1 (᭡). It is clear that ellipsometry is not an accurate measurement technique for small absorption coefficients in the near-infrared. The surface roughness correction for our sample is large: The pseudoabsorption coefficient hai is 2000 cm À1 at 0.8 eV, which is reduced to 700 cm À1 by the correction. Therefore, values of a below 10 3 cm À1 should not be determined with ellipsometry from this sample.
The solid lines in Fig. 2 show that the roughness correction gives an excellent description of the experimental pseudodielectric function data. For convenience (because it simplifies the roughness correction), we have written the dielectric function of NiO as a sum of two Lorentzians, two Tauc-Lorentz oscillators, 32 and two poles outside of our spectral range (in the IR and UV), which gives a very good fit to the experimental data with suitably chosen oscillator parameters. The average deviation between the model and the measured ellipsometric angles is about three times larger than the experimental errors.
IV. DISCUSSION OF 300 K RESULTS
Because of its partially filled Ni 3d shell, NiO should be a metal. 25 Yet, it has more in common with insulators like LiF, 27 including a strong restrahlen band, two-phonon absorption, and a large range of transparency from the mid-IR to the near-IR (see Fig. 1 ). Slater 38 explained that this dilemma could be resolved by the antiferromagnetic ordering of NiO. We continue to follow Slater 38 by claiming that even a highly correlated oxide like NiO (and its dielectric function) can be understood with band theory, and therefore, we use similar arguments to discuss the optical properties of NiO as those of Si, which looks remarkably similar. 39 Both materials are insulators (or semiconductors) and transparent below about 1 eV. Between 1 and 3 eV, there is a small (but nonzero) absorption, which increases steadily in energy, followed by a strong peak in 2 in the 3-4 eV range and additional peaks at higher energies (see Fig. 3 and also Ref. 20) . We proceed by discussing the optical constants in the various spectral regions and by assigning features to different phenomena within a band picture similar to Si.
Between 0.5 and 0.7 eV (see Fig. 1 ), the absorption coefficient of NiO is small and rises slowly from 25 to 50 cm À1 , resulting in a continuous background. Newman and Chrenko 16 showed that this absorption is sample-dependent and related to the purity of the specimen. Higher purity results in larger electrical resistivity and lower absorption coefficients. 16 Because of this continuous background, there is no experimental evidence for an indirect fundamental band gap in our data. For typical indirect semiconductors like GaP, Si, or Ge, 2 the indirect absorption just above the band gap leads to absorption coefficients on the order of 25 cm À1 , which would be buried in the continuous background. Therefore, we do not attempt to plot ffiffi ffi a p versus photon energy (the common method to extract an indirect band gap).
2 Such a strategy almost always fails for ellipsometry data (because ellipsometry is better suited to measure large absorption coefficients due to direct interband transitions) and it also fails for our NiO transmission results due to the continuous absorption background present in our samples.
(An indirect gap is found in recent calculations by Gillen and Robertson.
12 ) Instead, we plot a 2 versus photon energy (see Fig. 4 ) and extrapolate the last few data points down to zero absorption to find the direct band gap. 2 This extrapolation, albeit arbitrary and dependent on the NiO sample thickness, is shown by the solid line and yields a direct band gap E g ¼ 0.85 eV. As mentioned earlier, we are unable to determine experimentally if an indirect band gap with a lower energy exists. This would require samples of higher purity and transmission measurements at low temperature, similar to GaP. 2 Above the band gap of 0.85 eV, 2 
À1
) (see Figs. 2 and 3 ). Whether this rise is due to an actual optical absorption in the sample or due to artifacts deserves some thought. We performed simulations for bulk NiO and bulk Si covered with surface layers consisting of roughness, oil, and water. These simulations were unable to produce the shape shown in Fig. 2 , unless the true absorption of the sample increases with a shape shown in Fig. 3 . We are therefore confident that the absorption between 1 and 3 eV shown in Fig. 3 is a bulk effect and not a surface effect.
Next, we must discuss if this absorption between 1 and 3 eV is due to defects (doping) or due to interband transitions. We proceed by comparison with the dielectric function of heavily doped Si. [40] [41] [42] [43] Ellipsometry measurements on ionimplanted Si recrystallized by laser annealing 40 can produce values of 2 % 1 near 3 eV, similar to our results for NiO. However, such high doping wipes out the Si E 1 critical point at 3.5 eV due to alloy broadening. The strong peak of 2 near 4 eV and the pronounced knee at 3.2 eV in NiO are not seen in doped Si. We therefore believe that it is more likely for the absorption between 1 and 3 eV in NiO to be of an intrinsic nature, not due to doping, oxygen vacancies, or crystal defects. Additional evidence for this statement will be presented below with measurements at low temperature. We therefore reiterate our statement that a direct band gap (similar to GaAs or Ge) exists in NiO near 0.85 eV.
Since our flame-fused crystal may contain oxygen bubbles, we should discuss if the transmission cut-off at 0.85 eV is due to absorption or due to scattering by bubbles in the crystal. First, we note that both transmission (Fig. 1 ) and the pseudodielectric function (Fig. 2) point to an onset of absorption near 0.85 eV, despite different mechanisms. For transmission, the light beam must penetrate the entire NiO crystal and is sensitive to very small absorption or scattering coefficients, while the ellipsometric response of a bulk crystal with a rough back surface is primarily determined by the reflection from the front surface and only sensitive to large values of a. Since both transmission and ellipsometry point to the same onset of absorption near 0.85 eV, it is clear that a rises abruptly from small values (50 cm ) between 0.7 and 1 eV. This indicates a direct band gap, not scattering by bubbles. Second, we point to the frequency dependence of the absorption. While Rayleigh scattering is proportional to the fourth power of the photon energy, 2 rises linearly with photon energy between 1 and 3 eV. Third, we expect scattering by oxygen bubbles to be independent of temperature (up to moderate temperatures). At very high temperatures, the oxygen bubbles might start to diffuse and coalesce. Therefore, a reversible temperature dependence of the absorption would indicate absorption, while irreversible absorption changes with temperature (especially at high temperatures) might indicate scattering. We have insufficient data at present to discuss the third point, but the first two arguments rule out significant scattering contributions that would affect our absorption data.
Above 3.5 V, the absorption rises more strongly and reaches its peak value of 2 ¼ 7 at 4.1 eV. There is a corresponding (Kramers-Kronig consistent) peak in 1 at slightly lower energy (3.7 eV), whose magnitude is somewhat dependent on the surface roughness correction, just like for Si. Above 4 eV, 2 decreases gradually and shows a second, less pronounced peak near 6 eV, with a similar peak in 1 . Unlike in Si, 1 never becomes negative in NiO. We will call the critical point near 4.0 eV the charge-transfer gap of NiO, not to be confused with the fundamental direct band gap at 0.85 eV.
Our results only agree qualitatively with the dielectric function of NiO determined by Powell and Spicer 20 using reflectance followed by Kramers-Kronig transformation. Most importantly, the absorption below 3.5 eV is missing in the older data. There are also discrepancies in the magnitude of the charge transfer peak.
We are unable to compare our dielectric function with the results in Ref. 23 , because it is not clear if these authors plotted the dielectric or pseudodielectric function in their article.
Assuming that Ref. 23 shows the pseudodielectric function of NiO, we find good qualitative agreement with our data in Fig. 2 . The relative height of the 1 and 2 peaks of the charge transfer gap is very sensitive to surface roughness corrections. Since we were able to perform ellipsometry measurements at 0.6 eV (in the transparent range), we expect that our roughness correction, employing the Jellison-Sales method, 37 
V. TEMPERATURE-DEPENDENT ELLIPSOMETRY AND CRITICAL-POINTS
To investigate the critical points and band structure of NiO in more detail, we also performed measurements of the pseudodielectric function versus temperature. Results for thermocouple readings between 100 and 700 K are shown in Fig. 5 . A number of results are interesting: The maximum of 2 drops and that of 1 increases with increasing temperature. The critical points near 4 and 6 eV broaden and redshift, just like for Si. 39 Below 3 eV, h 2 i shows little change between 100 and 400 K, but then drops faster near the Neel temperature of NiO (523 K).
While the exact sample temperature in our experiments is not known, it is clear that NiO remains an insulator even in the paramagnetic phase above the Neel temperature. There is no evidence for a phase transition or a collapse of the charge-transfer gap near the Neel temperature. Antiferromagnetic ordering only has a small impact on the band structure. A similar conclusion was also drawn from photoemission measurements below and above the Neel temperature. 44 To amplify the critical points in the dielectric function due to interband transitions, we calculate the second derivative of hi with respect to photon energy (see Fig. 6 ). Just like for Si (Ref. 39) and GaAs, 45 we use a sum of twodimensional critical points ð hxÞ ¼ Að hxÞ
with logarithmic analytical lineshapes to fit the derivatives. The fit parameters are the amplitude A, the critical point energy E, the excitonic phase angle /, and the broadening parameter C. They are shown in Table I for a sample temperature of approximately 90 K. While the number of critical points required to fit these data (and how to separate the noise from actual critical points) is debatable, we can probably agree that at least four critical points are required. (Kang et al. 23 used 12 critical points to fit similar data.) The lowest of these, at 1.733 eV, is isolated from the other three and clearly visible in the derivatives. It also can be seen as a faint shoulder in the pseudodielectric function. The strongest critical point is located at 3.944 eV, but one critical point is clearly insufficient to fit the data in this range. Therefore, we add two additional critical points at 3.318 and 3.594 eV, yielding the lines shown in Fig. 6 . By comparison, the dielectric function of Si does not show critical points far below the strongest gap near 3.4 eV. Therefore, the band structure of Si must be substantially different compared to NiO.
The temperature dependence of the energies and broadenings for the strongest critical point are shown in Fig. 7 . The redshift of the critical point and the increase in broadening are clearly visible. The solid lines show a fit using a Bose-Einstein expression. 39 Due to the uncertainty in our temperature measurement, we do not list the parameters. The redshift is on the order of 0.3 meV/K, as expected for a band-to-band transition, similar to the temperature dependence of the E 1 gap of Si (Ref. 39) (0.4 meV/K).
A preliminary analysis of the weaker critical points shows that the temperature dependence of their energies is much smaller, which points to their origin due to excitonic effects related to localized d-states. 21 
VI. PROPOSED BAND STRUCTURE OF NiO
An optical interband transition removes a ground-state electron from the valence band and places it in an unfilled conduction band state with the same crystal momentum (direct transition). The resulting electron-hole pair is subject to the Coulomb interaction, and therefore, the energy of this exciton is usually smaller than the energy difference between the conduction and valence band states. We therefore start by summarizing our knowledge of the NiO valence band structure. We then add the energies of our interband optical transitions to the valence band energies and see what we can learn about the NiO conduction band.
The valence band structure of NiO has been studied by angle-resolved photoemission. 24, 25 A detailed comparison with theory has been performed and found good agreement. 7 Both theory and experiment exhibit two relatively flat valence bands at À2 and À4 eV, followed by several dispersive bands in the À4 to À8 eV range. 7 In a very simple picture, the band structure of NiO can be understood as follows (compare Fig. 8 ): In the cubic crystal field, the five-fold degenerate Ni 3d-states split into a threefold degenerate t 2g state and a two-fold degenerate e g state. The t 2g states are responsible for the flat bands in the À4 eV range. The e g states split into a lower (e g ) and upper (e Ã g ) Hubbard band. The O 2p states are dispersive and degenerate with the Ni 3d states in the valence band. The top of the valence band consists of a mixture of e g and O 2p orbitals. 7, 12 In the conduction band, we have not only the e Ã g upper Hubbard band, but also the dispersive Ni 4s band. To explain our experimental data, we have no choice but to place the minimum of the Ni 4s band about 3 eV lower than the e Ã g upper Hubbard band.
We assign the direct band gap at 0.85 eV to interband transitions from the valence band maximum (Ni 3d e g and O 2p) to the minimum of the Ni 4s band. Since theory places the Ni 4s minimum at the C-point of the Brillouin zone, 12 these transitions are likely to occur near C. Because of the dispersion of the Ni 4s band, the absorption rises linearly from 1 to 3 eV. Transitions from the e g lower Hubbard band to the e Ã g upper Hubbard band make up the charge transfer gap at 4 eV. It has been suggested that the weak sharp peaks (see Table I ) are due to intraatomic Ni 3d transitions. 23 If the lowest unoccupied Ni 3d state, i.e., e Ã g is 4 eV above the valence band maximum, then it is not clear how this is possible. Instead, we suggest that the weak peaks below the charge transfer gap are caused by transitions from the Ni 3d t 2g bands to the Ni 4s dispersive bands. These transitions have nonzero dipole matrix elements because of the mixing of the O 2p states with the Ni 3d valence band orbitals. 12 The electron spins in the orbitals are not relevant, since it has been established that the magnetic ordering (or lack thereof above the Neel temperature) does not significantly change the valence band structure or the interband transitions. We note that our proposed band structure is compatible with photoemission experiments, 25 recent theory, 6, 7, 12 and with our optical ellipsometry results. The crossing of the e Ã g and Ni 4s states is shown clearly in quasiparticle calculations using the GW approximation 6 and using the hybrid density-functional calculations. 12 
VII. HIGH-TEMPERATURE RESULTS
While the shape of the pseudodielectric function remains similar for thermocouple readings between 100 and 700 K, very drastic changes occur between 700 and 800 K (see Fig. 9 ). It is not clear if these changes are intrinsic or extrinsic in nature. It has been noted that NiO sublimates at the Neel temperature. 44 It is clear, however, that the change is irreversible, since cooling down to room temperature does not recover hi (compare Fig. 2) . At 725 K, the weak roomtemperature absorption below 3 eV develops into a peak at 2 eV, which grows very significantly at 800 K and dominates the charge-transfer peak at 4 eV.
In Fig. 10 , we show the progress of hi after a series of process steps. (1) The spectrum for the as-received NiO sample at 300 K, the same as in Fig. 2. ( 2) The roomtemperature spectrum of a sample after heating to 800 K for several hours in UHV and cooling to 300 K. (3) After exposure of the annealed sample to a UV-ozone environment, and (4) after heating the annealed sample in an oxygen furnace for several hours. It is clear that the 2 eV peak, which appeared after heating to 800 K in UHV, does not disappear by cooling the sample to room temperature. We therefore call this UHV anneal process irreversible. On the other hand, this 2 eV peak mostly disappears after heating in oxygen. After the UHV anneal to 800 K, cooling, and removal from the cryostat, the sample looks visually blistered, but still smooth enough for ellipsometry measurements.
We suspect that the UHV anneal to 800 K leads to a reduction of NiO, resulting in Ni nanoparticles, which produce a plasmon peak at 2 eV, similar to what has been observed for Ag and Au nanoparticles in an insulating matrix. 46 A large number of oxygen vacancies might also lead to an absorption peak near 2 eV. 47 
VIII. SUMMARY
The optical constants of bulk NiO were determined at room temperature from 0.08 to 6.5 eV using spectroscopic ellipsometry and transmission measurements. Our results are compatible with direct transitions at C from the Ni-O valence band to the Ni 4s conduction band at 0.85 eV and a charge transfer gap at 4 eV due to transitions from the lower e g to the upper e Ã g Hubbard band. Several weak peaks with intermediate energies are also found, possibly due to transitions from the t 2g valence band to the Ni 4s conduction band.
Between 100 and 700 K, the charge-transfer gap redshifts and broadens just like the E 1 gap in Si, while the intermediate sharp peaks show a smaller temperature dependence. Above 700 K, the sample deteriorates due to sublimation, which leads to a strong peak at 2 eV related to Ni nanoparticles in an insulating NiO matrix. Annealing again in oxygen removes the nanoparticle plasmon peak and restores the insulating character of the sample. 
